Background Hyperfiltration in the glomeruli have been considered to be an important cause of glomerular injury; however, the role of intercellular adhesion molecule (ICAM)-1 in the pathogenesis of glomerulosclerosis is not known. Methods To elucidate the effects of ICAM-1 depletion on hyperfiltration-induced glomerular disorder, we used subtotally nephrectomized ICAM-1
Introduction
Intercellular adhesion molecule (ICAM)-1, a cell-surface protein with five immunoglobulin-like domains, is one of the major molecules, promoting leukocytes to attach firmly to endothelium followed by transmigration out of the blood vessel lumen [1] . ICAM-1 expression is upregulated in a variety of renal diseases, and infiltration of macrophages into the glomeruli is one of the characteristic features [2, 3] . Previously, we induced diabetes with streptozotocin (STZ) in ICAM-1-deficient (ICAM-1 -/-) and ICAM-1
mice and then monitored histopathological changes in the kidney over a period of 6 months [4] . The number of infiltrated macrophages was markedly reduced in diabetic ICAM-1 -/-mice. Urinary albumin excretion, glomerular hypertrophy, and mesangial matrix expansion were more significantly ameliorated in diabetic ICAM-1 -/-mice than in diabetic ICAM-1 ?/? mice. Moreover, expressions of transforming growth factor (TGF)-b and type IV collagen in glomeruli were also reduced in diabetic ICAM-1 -/-mice. These results strongly suggest the important role of ICAM-1 in the pathogenesis of diabetic nephropathy, whereas the critical mechanisms underlying the induction of ICAM-1 expression and hyperfiltration followed by glomerular infiltration of macrophages is still poorly understood. In the present study, we examined the effects of ICAM-1 depletion on hyperfiltration-induced glomerular injury using the five-sixths nephrectomized mice.
Materials and methods

Animal model
Male ICAM-1 -/-mice [5] and wild-type mice (C57BL/6J mice, ICAM-1 ?/? mice), aged 8 weeks, were purchased from Jackson Laboratory (Bar Harbor, ME, USA). They were subjected either to sham operation (sham) or subtotal nephrectomy (Nx). The Nx operation was performed by surgical resection of the upper and lower third of the right kidney and following the left nephrectomy. Mice were divided into four groups; (1) ICAM-1
sham (n = 6) and (4) ICAM-1 -/-sham (n = 6). All mice had free access to standard chow and tap water. All procedures were performed according to the Guidelines for Animal Experiments at Okayama University Medical School, Japanese Government Animal Protection and Management Law (No. 105) and Japanese Government Notification on Feeding and Safekeeping of Animals (No. 6). Six months after the operation, all the mice were killed and kidneys obtained. Kidneys were weighed and fixed in 10% formalin for periodic acid-methenamine-silver (PAM) staining and the remaining tissues were embedded in OCT compound and immediately frozen in acetone cooled on dry ice for immunohistochemistry.
Metabolic data
Serum and urinary creatinine, urinary albumin concentration, systolic blood pressure and body weight were measured before killing. Urine collection was performed for 24 h with each mouse individually housed in a metabolic cage and having free access to food and water. Urinary albumin concentration was measured by nephelometry (Organon Teknika-Cappel, Durham, NC, USA). Creatinine clearance (Ccr) was calculated in individual mice. Blood pressure was measured by the tail-cuff method.
Antibodies
Rat anti-mouse monocyte/macrophage monoclonal antibody (F4/80) was purchased from Serotec Ltd. (Kidlington, Oxford, UK). Goat anti-mouse ICAM-1 polyclonal antibody (M-19) and rabbit anti-human TGF-b1, -b2, -b3 rabbit polyclonal antibody (H112) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antimouse type IV collagen antibody was purchased from Chemicon International, Inc. (Temecula, CA, USA). Biotin-labeled goat anti-rat IgG antibody, FITC-labeled donkey anti-goat IgG antibody, biotin-labeled donkey antirabbit IgG antibody and FITC-labeled goat anti-rat IgG antibody were purchased from Jackson Immunoresearch Laboratories (West Grove, PA, USA).
Light microscopy
Kidney tissues obtained were fixed in 10% formalin and embedded in paraffin. Tissue sections were cut at 3-lm thickness, dewaxed and stained with PAM. Histological morphometry was performed as described previously [4] . Briefly, to evaluate glomerular size and mesangial matrix expansion, 10 randomly selected glomeruli in the cortex of each animal were examined under high magnification (9400). Glomerular size was obtained by measuring glomerular tuft. Glomerular tuft area was measured by manually tracing the glomerular tuft using PhotoShop version 6 (Adobe Systems, San Jose, CA, USA) and analyzed by National Institutes of Health (NIH) Image version 1.6. Mesangial matrix area was defined as the PAM-positive area within the tuft area. The mesangial matrix index represented the ratio of mesangial matrix area divided by the tuft area. The results are expressed as mean ± SE (lm 2 ).
Immunohistochemical staining
Immunofluorescence and immunoperoxidase stainings were performed as described previously [4, 6] . Briefly, 4-lm thick fresh frozen sections were used for immunohistochemical study. To evaluate macrophage infiltration, frozen renal sections were stained with rat monoclonal antibody against mouse monocyte/macrophage (F4/80) and intraglomerular collagen immunofluorescence intensity was performed as follows. Color images were obtained as PICT files from the LSM-510. Image files in PICT format were inverted and opened in gray-scale mode using NIH image. The type IV collagen expression was calculated using the formula [X (density) 9 positive area (lm 2 )]. The type IV collagen expression of each glomerulus was expressed as the ratio to the mean expression in ICAM-1 ?/? sham mice. Ten glomeruli were examined per animal for type IV collagen expression (total 60 glomeruli for each group).
Statistical analysis
All data were expressed as mean ± SEM. One-way analysis of variance (ANOVA) followed by Scheffe method was used to compare the means of group data. A P value \0.05 denoted the presence of a statistically significant difference.
Results
Metabolic data at the end of 6-month observation period
Six months after operation, there was no significant difference in systolic blood pressure, body weight, Ccr and urinary albumin excretion among the four groups ( Table 1) .
Expression of ICAM-1 and infiltration of macrophages ICAM-1 protein expression was prominently upregulated in the glomeruli of ICAM-1 ?/? Nx mice, whereas ICAM-1 staining was not detectable in the glomeruli of both sham and Nx groups of ICAM-1 -/-mice (Fig. 1) . Infiltration of macrophages into glomeruli was significantly suppressed in ICAM-1 -/-Nx mice compared with ICAM-1 ?/? Nx mice (P \ 0.0001) (Fig. 1) .
Light microscopy
Representative findings of glomeruli in PAM stained sections are shown in Fig. 2a -/-Nx mice (tuft area 4648 ± 127 vs. 6522 ± 307 lm 2 , P \ 0.0001, mesangial matrix area 218 ± 12 vs. 687 ± 50 lm 2 , P \ 0.0001, mesangial matrix index 4.9 ± 0.3 vs. 11.0 ± 0.9%, P \ 0.0001, Fig. 2b-d) . ?/? sham mice, P \ 0.0001, Fig. 3a, b) . The enhancement of type IV collagen staining in the glomeruli of ICAM-1 ?/? Nx mice was also significantly ameliorated in ICAM-1 -/-Nx mice (297 ± 13 vs. 106 ± 5.5% of ICAM-1 ?/? sham mice, P \ 0.0001, Fig. 3a, c) .
Discussion
In the present study, ICAM-1 -/-and ICAM-1 ?/? mice were subjected either to sham operation or to subtotal nephrectomy and physiological and histopathological findings for the progression of glomerular injury were then evaluated. Subtotal nephrectomy is a model of chronic glomerular disorder with hyperfiltration of a single glomerulus [7] . Six months after operation, there was no significant difference in systolic blood pressure, Ccr and urinary albumin excretion among the four groups (Table 1) . These results suggest the increased single nephron blood flow and GFR in Nx groups because the Nx groups exhibited similar Ccr to the sham groups with reduced number of nephrons. Histopathological observation of ICAM-1 mice revealed the ameliorated glomerular infiltration of macrophages associated with up-regulation of ICAM-1 expression induced by subtotal nephrectomy (Fig. 1) . Mesangial matrix expansion (Fig. 2) , overproduction of TGF-b and accumulation of type IV collagen (Fig. 3) in the glomeruli of Nx mice were significantly reduced in ICAM-1 -/-mice. The phenotypes of ICAM-1 -/-mice used in this study were originally reported by Sligh et al. [5] . ICAM-1 -/-mice are fertile without any apparent developmental defects. They exhibit impaired immunoresponses, i.e., impaired neutrophil emigration in response to chemical peritonitis and decreased contact hypersensitivity, whereas any obvious abnormal phenotype has not been reported in normal conditions with exceptions of increased number of circulating neutrophils and body weight [8, 9] . In the kidney, ICAM-1 expression is up-regulated in human glomerulonephritis [10] and in a variety of experimental animal models of renal diseases, including crescentic glomerulonephritis [11, 12] , renal ablation [13] , and autoimmune glomerulonephritis [14, 15] . We reported that blocking antibodies against ICAM-1 prevent leukocyte influx into the glomeruli in experimental glomerulonephritis [12] and renal ablation model [13] . Furthermore, we demonstrated that the up-regulation of ICAM-1 is associated with infiltration of leukocytes, mainly macrophages, in mice; -/-ICAM-1 -/-mice very early stages soon after the induction of diabetes [6] and subtotal nephrectomy [13] . These lines of evidences strongly suggest that ICAM-1 is a critical molecule for the infiltration processes of macrophages in several types of glomerular disorders. The increased expression of ICAM-1 within the glomeruli is observed in various renal diseases and in experimental models [6, [10] [11] [12] [13] [14] [15] . Thus, there are probably some common mechanisms for the induction of ICAM-1 expression in renal diseases. Recent studies have revealed several possible mechanisms of ICAM-1 induction in hyperfiltration-induced glomerular disorder. Nagel et al. [16] showed that shear stress upregulated the expression of ICAM-1 in cultured human vascular endothelial cells. Tsuboi et al. [17] also demonstrated that human umbilical vein endothelial cells increased their cell surface expression of ICAM-1 in response to flow loading. The expression of ICAM-1 can be also modulated by inflammatory cytokines including tumor necrosis factor-a, interleukin-1, interferon-c [18] , and oxidative stress [19] as well as by shear stress. In this study, we showed that amelioration of macrophage infiltration into the glomeruli of Nx group of ICAM-1 -/-mice was associated with reduced mesangial matrix expansion (Fig. 2) , production of TGF-b and accumulation of type IV collagen (Fig. 3) in the glomeruli, compared with the Nx group of ICAM-1 ?/? mice. To investigate the role of macrophages in the pathogenesis of glomerulosclerosis in a subtotal nephrectomized model, van Goor et al. [20] examined the effect of macrophage depletion using systemic X-irradiation on glomerular injury after 3/4 renal ablation in the rat. They demonstrated that the number of glomerular macrophages and semiquantitative scores for mesangial cellularity and mesangial matrix expansion were significantly lower in remnant glomeruli of X-irradiated rats compared to non-irradiated remnant kidney rats. This study provides the direct evidence that the macrophages mediate the progression of glomerular injury after renal ablation. Adding to the possible involvement of infiltrated macrophages in accelerated extracellular matrix (ECM) accumulation in glomeruli via in situ TGF-b production [21] , Pawluczyk et al. [22] reported that the culture supernatant of macrophages stimulates mesangial cells to produce fibronectin in vitro. Together with our present results and other studies, we can speculate that the infiltrated glomerular macrophages involves in the induction of TGF-b secretion by mesangial cells associated with ECM overproduction and accumulation after renal ablation.
In conclusion, we have demonstrated that albuminuria, glomerular hypertrophy, and mesangial matrix expansion were ameliorated in subtotally nephrectomized ICAM-1 -/-mice compared with that of ICAM-1 ?/? mice. These results suggest that ICAM-1 may play a critical role in the induction of glomerulosclerosis via recruitment of macrophages, the key participants in the progression of renal diseases.
